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LASER-GENERATED PLASMA AS A SPECTROSCOPIC LIGHT SOURCE 

I Francisco P .  J .  Valero, David Goorvitch 
Boris Ragent, and Benjamin S. Fraenkel 

Ames Research Center 

S W R Y  

The s p e c t r a  emi t ted  by laser -genera ted  plasmas have been s t u d i e d  i n  t h e  
s p e c t r a l  reg ion  from about 40 t o  4000A. 
have been s p a t i a l l y  reso lved  us ing  e i t h e r  a stigmatic normal incidence spec- 
t rograph ,  or an astigmatic graz ing  inc idence  spectrograph and crossed s l i t  
appara tus ,  depending upon t h e  wavelength reg ion .  Both emission and absorp t ion  
s p e c t r a  were observed f o r  h igh ly  ion ized  atoms. Both l i n e  s h i f t s  and s t r o n g  
asymmetries were observed. The continuum s p e c t r a  r a d i a t e d  by t h e  core  of t h e  
plasma have been used t o  perform absorp t ion  experiments i n  t h e  s o f t  X-ray 
reg ion .  Features  of  t h e  laser generated plasma l i g h t  source t h a t  a i d  i n  t h e  
i n t e r p r e t a t i o n  of  s p e c t r a  a r e  d iscussed .  The laser produced plasmas have 
s e v e r a l  unique c h a r a c t e r i s t i c s  t h a t  prove t o  be d e s i r a b l e  and convenient for 
spec t roscopic  work. 

The r a d i a t i n g  r eg ions  of  t h e  plasma 

INTRODUCTION 

This  paper desc r ibes  an i n v e s t i g a t i o n  i n t o  t h e  p o s s i b i l i t i e s  o f  us ing  a 
laser -genera ted  plasma as a spec t roscop ic  l i g h t  source .  

Severa l  i n v e s t i g a t o r s  have proposed t h e  use  of  t h e  focused r a d i a t i o n  
Various from a g i a n t  p u l s e  Q-switched laser t o  produce very ho t  plasmas. 

l a b o r a t o r i e s  have i n s t i t u t e d  programs t o  i n v e s t i g a t e  and t o  e x p l o i t  t h e  
unique c h a r a c t e r i s t i c s  o f  t h i s  source o f  h igh  temperature  gases  and i t s  
p o s s i b l e  a p p l i c a t i o n s  t o  plasma physics ,  thermonuclear r e a c t i o n  s t u d i e s ,  e t c .  
( r e f s .  1-8) .  In  t h e  p re sen t  work laser -genera ted  plasmas were s tud ied  spec- 
t r o s c o p i c a l l y  i n  o rde r  t o  h e l p  i n  understanding t h e  var ious  processes  t ak ing  
p l ace  wi th in  t h e  plasma. 
by t h e  plasma were used i n  s tudying  t h e  s p e c t r a  o f  ion ized  spec ie s  i n  t h e  
vacuum u l t r a v i o l e t  and s o f t  X-ray reg ions .  

Also t h e  c h a r a c t e r i s t i c s  of t h e  r a d i a t i o n  emi t ted  

OPTICAL ARRANGEMENT 

The o p t i c a l  arrangement used f o r  t he  experiments i n  t h e  graz ing  incidence 
reg ion  (40 t o  5 0 0 A )  i s  shown schemat ica l ly  i n  f i g u r e  1. A 3-m graz ing  
incidence spectrograph wi th  a plat inum coated concave g r a t i n g  possess ing  
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1200 l i n e s  p e r  mm and b lazed  a t  S o l o 1  was used at  an angle  of  incidence of 
82". 
of i n t e r e s t .  The d i s t a n c e  between t h e  t a r g e t  and t h e  en t rance  s l i t  i n  t h e  
d i r e c t i o n  o f  t h e  o p t i c a l  axis was about 1 mm. The d i s t a n c e  of  t h e  t a r g e t  
from t h e  o p t i c a l  axis  i n  t h e  d i r e c t i o n  normal t o  both t h e  o p t i c a l  axis and t o  
t h e  s l i t  was v a r i e d  from 0 t o  5 mm, depending, as d iscussed  i n  t h e  s e c t i o n  on 
broadening and s h i f t s  o f  s p e c t r a l  l i n e s ,  on t h e  reg ion  of  t h e  plasma t o  be 
observed i n  each p a r t i c u l a r  case. 

The laser beam w a s  focused by a l e n s  on to  t h e  t a r g e t  made o f  t h e  element 

For t h e s e  experiments,  t h e  width o f  t h e  en t rance  s l i t  was va r i ed  from 
0 .5  p a t  40 A t o  10 1-1 at 500 8. The crossed  s l i t  was used t o  make t h e  i n s t r u -  
ment l e s s  a s t i g m a t i c ,  as descr ibed  i n  r e fe rence  9. The width of  t h e  c rossed  
s l i t  was va r i ed  from 0 . 1  t o  1 mm, depending on t h e  s p e c t r a l  reg ion  being 
observed. 

For t h e  s p e c t r a l  range from 300 A t o  t h e  v i s i b l e ,  a normal incidence 
spectrograph wi th  a 3-m f o c a l  length  was employed. This  instrument  provided 
n e a r l y  s t i g m a t i c  spectrograms s o  t h e r e  was no need f o r  any a d d i t i o n a l  s l i t s .  
The o p t i c a l  arrangement and phys ica l  o r i e n t a t i o n  of t h e  g r a t i n g  are presented  
schemat ica l ly  i n  f i g u r e  2 .  

I n  a l l  t h e  experiments a TRG-104A, 100 MW ruby l a s e r  was used i n  both 
t h e  normal and Q-switched modes. Energy o f  t h e  o rde r  of  1 J was de l ive red  t o  
t h e  t a r g e t  i n  times of  t h e  o rde r  of 10 t o  20 ns  f o r  t h e  Q-switched mode, and 
about 2 .5  J i n  t imes from 400 t o  500 us f o r  t h e  normal mode. Figures  3 and 4 
show t y p i c a l  p u l s e  shapes f o r  t h e  Q-switched and normal modes. Typical  photo- 
graphic  p l a t e  exposures r equ i r ed  1 t o  20 laser p u l s e s .  

EXPERIMENTS 

The s p e c t r a  r a d i a t e d  by laser -genera ted  plasmas of  L i ,  Be, A l ,  Fe, W ,  Th 
and U have been observed i n  t h e  graz ing  inc idence  r eg ion .  The s p e c t r a  o f  Fe 
and Th were a l s o  photographed i n  t h e  normal inc idence  range (300 t o  4000 A ) .  
The experimental  parameters  t h a t  were va r i ed  included t h e  laser power, t h e  d i s -  
t ance  between t h e  t a r g e t  and t h e  s l i t  i n  t h e  d i r e c t i o n  normal t o  both the  s l i t  
and t h e  o p t i c a l  a x i s ,  t h e  d e n s i t y  of  t h e  t e s t  element appearing as an impuri ty  
i n  a l i g h t  element a l l o y  t a r g e t ,  and t h e  th i ckness  of  t h e  t a r g e t  depos i ted  on 
g l a s s  as a t h i n  f i l m .  

VARIATION OF LASER POWER 

The power o f  t h e  l a s e r  p u l s e  was va r i ed  from about 10 t o  100 MW i n  t h e  
Q-switched mode. The most important d i f f e r e n c e  observed a t  var ious  power 
l e v e l s  was a genera l  decrease i n  i n t e n s i t y  of  t h e  l i n e  emission and a propor- 
t i o n a t e l y  g r e a t e r  decrease of  t h e  continuum emission as t h e  power was 
decreased.  Figure 5 shows t h e  p r i n c i p a l  s e r i e s  o f  Be I11 i n  t h e  100 A reg ion  
The l i n e s  of t h i s  s e r i e s  show s t r o n g  s e l f - r e v e r s a l  when t h e  laser i s  used i n  
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t h e  Q-switched mode and t h e  t a r g e t  i s  loca ted  s o  t h a t  it c o n s t i t u t e s  one of 
t h e  jaws of t h e  spectrograph s l i t .  The l a s e r  beam was focused onto t h e  t a r g e t  
a t  about 0 .5  mm from t h e  s l i t  opening i n  the  d i r e c t i o n  of t h e  o p t i c a l  a x i s .  
In  t h i s  way i t  w a s  p o s s i b l e  t o  observe only t h e  plasma on t h e  t a r g e t  su r f ace .  
For Be, a l i g h t  element,  r e l a t i v e l y  weak continuum r a d i a t i o n  was observed i n  
t h i s  reg ion .  

The power of  t h e  laser i n  t h e  normal mode was a l s o  va r i ed .  In  t h i s  mode 
t h e  t o t a l  energy de l ive red  t o  t h e  t a r g e t  i s  increased  b u t  t h e  power i s  g r e a t l y  
reduced because of t h e  lengthening of  t h e  pu l se .  Figure 6 shows t h e  r a d i a t i o n  
from a Th plasma i n  t h e  normal incidence region as obtained with t h e  laser 
ope ra t ing  i n  t h e  Q-switched mode and i n  t h e  normal mode. 
mode ( f i g .  6 ( a ) )  a s t r o n g  continuum i s  r ad ia t ed  by t h e  plasma with resonance 
l i n e s  appearing i n  absorp t ion .  
t o  t h e  lower s t ages  of i o n i z a t i o n .  In  t h e  normal mode ( f i g .  6 ( b ) ) ,  t h e  
emission spectrum appears and t h e  continuum i s  weak. 

In  t h e  Q-switched 

The absorp t ion  i s  s t r o n g e r  f o r  l i n e s  belonging 

DISTRIBUTION OF IONIC SPECIES I N  THE PLASMA BALL 

To s tudy  t h e  d i s t r i b u t i o n  of  i o n i c  spec ie s  i n  t h e  plasma b a l l  i n  t h e  
region below 400 A a crossed  s l i t  (S2 i n  f i g .  1) was introduced between the  
p r i n c i p a l  s l i t  S I  and t h e  g r a t i n g .  In  t h i s  way t h e  astigmatism of  t he  
graz ing  incidence spectrograph was reduced and p a r t i a l  s p a t i a l  r e s o l u t i o n  of 
t h e  plasma b a l l  was achieved ( r e f .  2 ) .  Figure 7 i s  an A 1  spectrogram taken 
a t  about 240 A with t h e  crossed s l i t .  The s p e c t r a l  l i n e s  belonging t o  t h e  
lower s t a g e s  of i o n i z a t i o n  appear longer  than those  r a d i a t e d  by t h e  h ighe r  
s t ages  of  i o n i z a t i o n .  
ends.  
t h e  h ighes t  s t a g e s  of  i o n i z a t i o n  i n  t h e  plasma b a l l  are concentrated i n  the  
h o t t e s t  c e n t r a l  core  of t h e  plasma. 

Also t h e  width of t h e  s p e c t r a l  l i n e s  t a p e r s  toward the  
From t h e  r e l a t i v e  length  of  the  l i n e s  it i s  apparent  t h a t ,  as expected,  

CHARACTERISTICS OF SPECTRA 

S u b s t a n t i a l  continuum r a d i a t i o n  i s  c h a r a c t e r i s t i c  of  s p e c t r a  emi t ted  by 
laser -genera ted  plasmas. The i n t e n s i t y  of  t h i s  continuum r a d i a t i o n  inc reases  
as t h e  atomic weight of  t h e  element of  i n t e r e s t  i nc reases .  
t h i s  continuum causes t h e  i n t e n s i t y  of t h e  absorp t ion  l i n e s  t o  vary ,  depending 
on t h e  s t a g e  of i o n i z a t i o n  and on t h e  p r o b a b i l i t y  of  t h e  p a r t i c u l a r  atomic 
t r a n s i t i o n  involved.  Figure 8 shows t h e  s p e c t r a  of F e  nea r  1 7 1 A ,  as obtained 
with t h e  laser ope ra t ing  i n  t h e  Q-switched mode. Lines belonging t o  Fe V I ,  
V I I ,  VIII, and I X  appear as absorp t ion  l i n e s  i n  a st_rong continuous background. 
The continuum r a d i a t e d  by a Th t a r g e t  a t  about 2500 A i s  shown i n  f igu re  6 ( a ) .  
Again many absorp t ion  l i n e s  appear.  

Absorption of  

In  many cases, however, emission s p e c t r a  a r e  of  i n t e r e s t .  One way t o  
ob ta in  t h e  emission spectrum i s  t o  use t h e  laser i n  t h e  normal mode, as men- 
t i oned  above. This method i s  l imi t ed ,  however, i n  t h a t  only t h e  lower s t a g e s  
o f  i o n i z a t i o n  a r e  produced, presumably because of  t h e  lack  of  f l e x i b i l i t y  i n  



ad jus t ing  t h e  r a t e  of  r i s e  of  t h e  laser p u l s e .  A laser capable  of  producing 
pu l ses  of  v a r i a b l e  r.ise t i m e  would make i t  p o s s i b l e  t o  h e a t  t h e  plasma j u s t  
enough t o  produce t h e  s t a g e s  of  i o n i z a t i o n  of i n t e r e s t  without  "overheating" 
and consequently inc reas ing  t h e  continuous background and causing o t h e r  
undes i rab le  effects.  

In  a d i f f e r e n t  approach t o  t h i s  problem o f  c r e a t i n g  emission s p e c t r a ,  

The laser was opera ted  i n  t h e  Q-switched mode. 
t h e  t a r g e t  had a low atomic number and contained t h e  element of  i n t e r e s t  as a 
small impuri ty .  Spec t r a  of 
Fe a t  about 170 8 obtained from A 1  a l l o y  conta in ing  1 pe rcen t  Fe are shown i n  
f i g u r e  9 .  
reversed  l i n e s  are A l .  While t h i s  technique produced the  b e s t  s p e c t r a ,  
i n s o f a r  as sharpness  and lack of  s e l f - r e v e r s a l  are concerned, it i s  l imi t ed  by 
t h e  d i f f i c u l t y  of in t roducing  impur i t i e s  of  c e r t a i n  t es t  elements i n t o  a l i g h t  
element,  such as A l ,  f o r  example. In  many cases commercially a v a i l a b l e  a l l o y s  
may be used. 

The Fe l i n e s  a r e  i n  emission and a r e  very  sharp.  The broad s e l f -  

Tes ts  were a l s o  made of  t h e  laser pu l se  (Q-switched) i r r a d i a t i o n  of  
t a r g e t s  formed from a t h i n  f i l m  of t h e  element o f  i n t e r e s t  on a g l a s s  sub- 
s t r a t e .  This  technique,  o r i g i n a l l y  proposed and demonstrated i n  r e fe rences  1 
t o  5 ,  reduced somewhat the  i n t e n s i t y  of t h e  continuous background, i nc reas ing  
t h e  c o n t r a s t  between the  emission l i n e s  and t h e  continuum. I t  was thus  
p o s s i b l e  t o  observe emission l i n e s  of h igher  s t ages  of  i o n i z a t i o n  t h a t  p rev i -  
ously had been masked by t h e  continuum, but  t h e  q u a l i t y  of  t h e  emission l i n e s  
obtained i n  t h i s  way i s  s t i l l  poor compared with t h e  q u a l i t y  of  those  obtained 
by t h e  "impurity technique."  In many cases ,  t h e  l i n e s  from t h i n  f i l m  t a r g e t s  
show s t r o n g  broadening, s e l f - r e v e r s a l ,  and asymmetries (see f i g .  10) .  Also 
some l i n e s  of  t h e  lower s t a g e s  of i o n i z a t i o n  t h a t  appear i n  absorp t ion  when 
observed i n  t h e  s o l i d  t a r g e t s  and i n  t h e  t h i c k e r  f i l m s  become emission l i n e s  
f o r  t h e  t h i n n e r  f i l m s .  Some l i n e s  of t he  h igher  s t ages  of  i o n i z a t i o n  t h a t  are 
no t  p re sen t  i n  t h e  t h i c k e r  f i l m s  appear i n  t h e  th inne r  f i l m s .  

CONTINUOUS RADIATION FROM HEAVY ELEMENTS 

A s  mentioned above, Q-switched laser-produced plasmas of  t h e  heavy 
elements emit s t r o n g  continuum r a d i a t i o n .  Figure 11 shows t y p i c a l  cont inua  
emi t ted  by U238 and W plasmas i n  t h e  graz ing  incidence reg ion ,  and f i g u r e  1 2  
shows the  continuum r a d i a t e d  by a Th t a r g e t  i n  t h e  reg ion  from 300 t o  4 0 0 0 a .  
The o r i g i n  of  t h e s e  cont inua has been d iscussed  i n  r e fe rence  1. Note t h a t  t he  
he igh t  o f  t h e  cont inua inc reases  with wavelength, which is  i n  accord with t h e  
empir ica l  model presented  l a t e r .  These cont inua have been used i n  absorp t ion  
experiments t o  demonstrate t he  u t i l i t y  of  t h e  source f o r  such a p p l i c a t i o n s .  
F i l l i n g  t h e  graz ing  incidence spectrograph with He and A r  a t  p re s su res  from 
0 . 2 5  t o  0 .50  t o r r  and using W as a t a r g e t  t o  provide a continuum i n  t h e  s o f t  
X-ray region,  made it poss ib l e  t o  ob ta in  t h e  au to ion iza t ion  s e r i e s  of  such 
elements.  The au to ioniz ing  s e r i e s  of H e  a t  about 200 8, o r i g i n a l l y  s tud ied  
by Madden and Codling ( r e f .  6) using a synchrotron as a source of continuum 
r a d i a t i o n ,  i s  shown i n  f i g u r e  13. 
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An inconvenience o f  t h e  laser plasma continuum source i s  t h e  presence o f  
t h e  absorpt ion l i n e s  c h a r a c t e r i s t i c  of t h e  heavy element used as t h e  t a r g e t  
material. These l i n e s  may be taken i n t o  account by comparison with t h e  spec- 
trogram o f  t h e  heavy element taken with no absorber  p r e s e n t .  
because o f  t h e  pulsed  n a t u r e  o f  t h e  source ,  d e t a i l e d  q u a n t i t a t i v e  measurements 
r e q u i r e  e i t h e r  very c a r e f u l  s e n s i t o m e t r i c  methods with photographic record ing ,  
o r  r e p e t i t i v e  pu l ses  wi th  p o i n t  by p o i n t  scanning techniques us ing  high 
frequency d e t e c t o r  and e l e c t r o n i c  record ing  appara tus .  

In  add i t ion ,  

The p r i n c i p a l  advantages o f  t h i s  continuum source are i t s  r e l a t i v e  ease  
of product ion,  moderate c o s t ,  and s i m p l i c i t y  of  app l i ca t ion .  S p e c t r a l  ou tputs  
of about l o 8  photons p e r  angstrom a t  700 A have been r epor t ed .2  The continuum 
source  has a use fu l  s p e c t r a l  ou tput  extending from t h e  v i s i b l e  t o  a t  l e a s t  as 
low as 40 A .  

BROADENING AND SHIFTS OF SPECTRAL LINES 

Strong broadening and asymmetries i n  l i n e  shapes i n  laser -genera ted  
plasmas were r epor t ed  i n  r e fe rences  1 and 7 .  
phenomena and a l s o  no t i ceab le  r e l a t i v e  s h i f t s  between t h e  emission and t h e  
corresponding absorp t ion  l i n e s  both i n  the  graz ing  incidence and i n  t h e  normal 
incidence region f o r  s e v e r a l  d i f f e r e n t  elements and s t ages  of i o n i z a t i o n .  
Our observa t ions  of t hese  s h i f t s  amounting t o  approximately 500 cm-l f o r  F e ,  
A l ,  and Be plasmas ih t h e  s o f t  X-ray region were repor ted  i n  re ference  8 .  
The same genera l  behavior  has been observed i n  the  500-4000A reg ion  f o r  Fe 
and Th. The magnitude of t h e  s h i f t s  suggests  t he  need f o r  caut ion  when t h e  
laser -genera ted  plasma l i g h t  source i s  used f o r  determining wavelength, 
p a r t i c u l a r l y  from i s o e l e c t r o n i c  sequences.  

We have observed t h e  same 

In such dense r ap id ly  expanding plasmas, t hese  s h i f t s  and broadenings 
undoubtedly have s e v e r a l  causes ,  inc luding  S t a r k ,  p re s su re ,  and Doppler phe- 
nomena, as wel l  as s e l f - a b s o r p t i o n .  However, i n  gene ra l ,  occu l t ing  techniques 
w i l l  g ive  sharper  l i n e s  f o r  most s t a g e s  of i o n i z a t i o n .  For example, t h e  
en t rance  s l i t  of t he  spectrograph may be i l lumina ted  s o l e l y  by the  l i g h t  
r ad ia t ed  from s p e c i f i c  reg ions  of t he  plasma drop. 
va r i ed ,  depending on t h e  s t ages  of  i o n i z a t i o n  t o  be i n v e s t i g a t e d ,  from t h e  
outermost po r t ions  o f  t h e  plasma f o r  lower s t a g e s  of  i o n i z a t i o n  t o  t h e  c e n t r a l ,  
h o t t e r  po r t ions  of  t h e  plasma core f o r  h ighe r  s t a g e s .  The l i n e s  from t h e  
h ighes t  degrees of  i o n i z a t i o n  a r e  obtained with minimum broadening. A s e r i o u s  
disadvantage of  t h i s  technique i s  t h a t  s i n c e  very  small po r t ions  o f  t h e  plasma 
b a l l  a r e  observed, l oca l i zed  condi t ions  i n  t h e  plasma w i l l  s e r i o u s l y  a f f e c t  
t h e  s p e c t r a l  l i n e s .  For example, s p e c t r a l  l i n e s  may n o t  be broadened b u t  t hey  
may be s e r i o u s l y  s h i f t e d ,  depending on t h e  l o c a l  condi t ions  i n  t h e  p a r t i c u l a r  
po r t ion  o f  t h e  plasma being observed. 

The viewed reg ion  may be 

2Pr iva te  communication from G .  L .  Weissler 
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The use of  t h e  small-percentage-impuri ty  low-atomic-number a l l o y  t a r g e t  
reduces t h e  l i n e  widths and se l f - abso rp t ion  e f f e c t s  and apparent ly  a l s o  
reduces the  l i n e  s h i f t s  as well as in t roducing  l i t t l e  continuum r a d i a t i o n .  

EMP I R I  CAL MODEL 

A number of  d e t a i l e d  models have been proposed f o r  c a l c u l a t i n g  laser- 
produced plasmas ( r e f s .  10 and 11) .  However, on t h e  b a s i s  o f  Dawson’s model, 
and t h e  above observa t ions ,  t h e  fol lowing simple phenomenological model of t he  
plasma b a l l  can be cons t ruc ted .  This model i s  i n  accord with most of t he  
models discussed and i s  use fu l  f o r  planning experiments.  The i n i t i a l  po r t ions  
of  t h e  l a s e r  pu l se  cause t h e  su r face  of t h e  t a r g e t  t o  e m i t  atoms and e l ec t rons  
i n  t h e  high energy d e n s i t y  region of  t h e  f o c a l  s p o t .  This cloud of p a r t i a l l y  
ion ized  atoms and e l e c t r o n s  i s  f u r t h e r  hea ted  by t h e  subsequent po r t ions  of  
t h e  laser pu l se  f o r  as long as t h e  l i g h t  can p e n e t r a t e  t h e  plasma. The l a s e r  
l i g h t  w i l l  p e n e t r a t e  t h e  plasma b a l l  as long as t h e  plasma frequency i s  less 
than t h e  l i g h t  frequency ( r e f .  l o ) ;  f o r  ruby l a s e r  l i g h t  (w = 4 . 3 5 ~ 1 0 ~ ~  s e c - l )  
p e n e t r a t i o n  w i l l  cont inue u n t i l  t he  e l e c t r o n s  reach a dens i ty  o f  2 . 5 ~ 1 0 ’ ~  cmd3 
(vv = 8 . 9 ~ 1 0 ~  n,1’2) ( r e f .  1 2 ) .  A t  t h i s  e l e c t r o n  dens i ty ,  with which a ce r -  
t a i n  degree of i o n i z a t i o n  w i l l  be a s soc ia t ed ,  t h e  plasma b a l l  w i l l  s t a r t  
r e f l e c t i n g  t h e  r a d i a t i o n .  Simultaneously,  t he  plasma drop w i l l  expand, 
i nc reas ing  i t s  volume and consequently reducing t h e  e l e c t r o n  dens i ty  and the  
plasma frequency. Once t h e  plasma frequency drops below the  l i g h t  frequency, 
t he  l i g h t  pene t r a t e s  t h e  plasma again and i s  absorbed. The hea t ing  mechanism, 
once the  plasma drop i s  formed, i s  presumably p r imar i ly  inverse  bremsstrahlung 
followed by c o l l i s i o n s  between e l e c t r o n s  and heavy p a r t i c l e s .  

The energy-densi ty  changes i n  the  plasma a r e  due t o  expansion, thermal 
Thus the  conduction and r a d i a t i o n  ( f r e e - f r e e ,  free-bound, and bound-bound) . 

plasma i s  s p a t i a l l y  inhomogeneous, conta in ing  i n  i t s  i n i t i a l  phases a very 
dense,  small, ho t  core  t h a t  produces i n t e n s e  continuum r a d i a t i o n ,  from 
bremsstrahlung and recombination processes ,  and l i n e  r a d i a t i o n  from t r a n s i -  
t i o n s  by bound e l e c t r o n s  i n  ion ized  s p e c i e s .  The l i n e  r a d i a t i o n  from the  
s t r i p p e d  ions i n  t h e  hot  core of t h e  plasma may show s t rong  broadening e f f e c t s  
and s h i f t s  caused by t h e  h igh  p a r t i c l e  d e n s i t y  and mass motion. A s  t he  
plasma expands, i t  coo l s ,  and the  h ighly  ion ized  spec ie s  recombine i n  t h e  
o u t e r  regions of  t he  plasma drop. Simultaneously,  matter may be added t o  the  
expanding plasma from i t s  i n t e r a c t i o n  with t h e  ad jacent  t a r g e t  su r f ace .  The 
i n t e r a c t i o n  of t he  cooler  mat te r  ou t s ide  the  plasma drop with the  continuum 
and l i n e  r a d i a t i o n  from the  inne r  reg ions  o f  t h e  plasma r e s u l t s  i n  absorp t ion  
l i n e s  of  the  lower s t a g e s  o f  i o n i z a t i o n  and s t r o n g  s e l f - r e v e r s a l  e f f e c t s  f o r  
in te rmedia te  s t ages  of  i o n i z a t i o n .  This observa t ion  r e f e r s  t o  viewing t h e  
plasma i n  a r a d i a l  d i r e c t i o n .  I f  t h e  plasma drop i s  seen i n  the  d i r e c t i o n  o f  
a chord, t he  e f f e c t s  of absorp t ion  and s e l f - r e v e r s a l  tend t o  disappear  and 
sharp  emission l i n e s  f o r  t h e  lower s t ages  o f  i o n i z a t i o n  appear i n  the  outer -  
most regions o f  t he  plasma b a l l .  The c h a r a c t e r i s t i c s  of  t he  s h i f t s  observed 
between emission and absorp t ion  l i n e s  ( r e f .  8) impl ies  t h e  presence,  i n  the  
laser -genera ted  plasma, of a t  l e a s t  two very d i f f e r e n t  reg ions .  A shock wave 
developing i n s i d e  the  plasma i s  c o n s i s t e n t  with t h e  observed phenomena, which 
is  cha rac t e r i zed  by s p e c t r a l  l i n e  s h i f t s  g r e a t e r  than  l i n e  broadenings.  
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APP L I CAT I ONS 

One of  t h e  major problems confront ing  t h e  exper imenta l i s t  i n  i n v e s t i -  
ga t ing  s p e c t r a  i n  t h e  vacuum u l t r a v i o l e t  i s  the  sepa ra t ion  o f  l i n e s  according 
t o  t h e  s t a g e  of  i o n i z a t i o n  from which they were r a d i a t e d .  The c h a r a c t e r i s t i c s  
o f  laser -genera ted  plasmas may be exp lo i t ed  t o  he lp  i n  so lv ing  t h i s  problem. 
As mentioned above, when t h e  plasma drop i s  viewed r a d i a l l y ,  t h e  lower s t a g e s  
of  i o n i z a t i o n  appear i n  absorp t ion  while  t he  in te rmedia te  s t a g e s  show self-  
reversed  l i n e s  and t h e  h ighe r  s t a g e s  o f  i o n i z a t i o n  show emission l i n e s .  The 
amount of  absorp t ion  and t h e  degree of  s e l f - r e v e r s a l  i n  l i n e s  belonging t o  
t h e  lower s t a g e s  of  i o n i z a t i o n  are a l s o  assoc ia ted  with t h e  p a r t i c u l a r  t r a n s i -  
t i o n s  involved.  This fact  n o t  only makes i t  poss ib l e  t o  sepa ra t e  the  l i n e s  
according t o  t h e  s t a g e  o f  i o n i z a t i o n  by inspec t ion  of  t h e  c h a r a c t e r i s t i c s  of 
t h e  l i n e s  b u t  a l s o  he lps  i n  c l a s s i f y i n g  t h e  p a r t i c u l a r  t r a n s i t i o n s  involved 
simply by extending t h e  techniques commonly used i n  t h e  v i s i b l e  reg ion  of  t h e  
s p e c t r a  ( i . e . ,  us ing  s e l f - r e v e r s e d  l i n e s  t o  he lp  i n  loca t ing  t h e  lower energy 
l e v e l s ) .  
t r o s c o p i c  work on h igh ly  ion ized  s p e c i e s .  As f i g u r e  14 shows, it i s  r e l a t i v e l y  
simple t o  s e p a r a t e  l i n e s  according t o  t h e  s t a t e  of  i o n i z a t i o n  by d i r e c t l y  
r e l a t i n g  t h e  magnitude o f  t he  s e l f - r e v e r s a l  t o  the  degree of  i o n i z a t i o n .  In  
conjunct ion with t h i s  technique the  crossed s l i t  can be used i n  t h e  grazing 
incidence reg ion .  Figure 7 shows t h e  s p e c t r a  of A 1  i n  t h e  reg ion  of 240 a 
obtained using a crossed s l i t  which produces p a r t i a l  s p a t i a l  r e s o l u t i o n  of 
t he  r a d i a t i n g  regions o f  t h e  plasma drop. A s  mentioned e a r l i e r ,  l i n e s  belong- 
ing  t o  t h e  lower s t a g e s  of  i o n i z a t i o n  a r e  longer than those  r a d i a t e d  by higher  
s t ages  o f  i o n i z a t i o n ,  c o n s i s t e n t  wi th  the  phenomenological model given above. 

Another i n t e r e s t i n g  spec t roscop ic  app l i ca t ion  of laser -genera ted  plasmas 
involves  t h e  genera t ion  of  h igh ly  ionized spec ies  t h a t  a r e  no t  e a s i l y  e x c i t e d  
i n  spark d ischarges  o r  magnetic compression devices .  For example, s i n c e  t h i s  
source r e q u i r e s  only t h a t  t h e  spec ie s  be a v a i l a b l e  i n  a s o l i d ,  powder, o r  
even l i q u i d  s t a t e  without  r e fe rence  t o  chemical s t a t e  o r  phys i ca l  shape,  it i s  
poss ib l e  t o  use compounds, i r r e g u l a r l y  shaped p i e c e s ,  micros t ruc tures  o r  even 
ma te r i a l s  embedded i n  some type  of  holding matr ix .  

This f e a t u r e  o f  t h e  laser -genera ted  plasma i s  of  g r e a t  he lp  i n  spec- 

Another a p p l i c a t i o n  involves  us ing  the  s t rong  continuum emi t ted  by heavy 
elemerfts i r r a d i a t e d  by the  beam from a focused Q-switched l a s e r  t o  perform 
absorp t ion  experiments i n  t h e  vacuum u l t r a v i o l e t  down t o  a t  l e a s t  40 A .  

CONCLUSION 

The laser-produced plasma i s  a va luable  l i g h t  source f o r  work i n  t h e  
vacuum u l t r a v i o l e t ,  e s p e c i a l l y  as a source of r a d i a t i o n  from h igh ly  s t r i p p e d  
i o n i c  spec ie s  and f o r  t h e  product ion of continuum r a d i a t i o n .  Even t h e  s h i f t s ,  
r e v e r s a l s ,  asymmetries, broadenings,  e t c . ,  o f  the  s p e c t r a l  l i n e s  have proved 
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u s e f u l  i n  so lv ing  t h e  classic problem i n  spectroscopy;  namely, t h a t  of i d e n t i -  
fy ing  t h e  states involved i n  t h e  t r a n s i t i o n s  t h a t  cause t h e  observed s p e c t r a l  
l i n e s .  

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e l d ,  C a l i f . ,  94035, June  25, 1970 

REFERENCES 

1. Fawcett, B .  C . ;  Gabr ie l ,  A. H . ;  I rons ,  F .  E . ;  Peacock, N .  J . ;  and 
Saunders,  P .  A. H . :  Extreme Ul t ra -Vio le t  Spec t r a  from Laser-Produced 
Plasmas. Proc.  Phys. SOC.,  v o l .  88, p t .  4 ,  no.  562, Aug. 1966, 
pp. 1051-1053. 

2 .  Fawcett, B.  C . ;  Gabr ie l ,  A. H . ;  and Saunders,  P .  A .  H . :  N e w  Spec t ra  of 
Fe X V I I I  and Thei r  I s o e l e c t r o n i c  Sequences. Proc. Phys. SOC.,  vo l .  90, 
p t .  3 ,  no. 569, March 1967, pp. 863-867. 

3 .  Fawcett ,  B.  C . ;  Burgess, D.  D . ;  and Peacock, N .  J . :  Inner-Shel l  Transi-  
t i o n s  i n  Ca XII,  XIII, X I V  and i n  I s o e l e c t r o n i c  Ions of K ,  Sc and T i  
i n  Laser Produced Plasmas. Proc. Phys. SOC. ,  v o l .  91,  p t .  4 ,  no. 574, 
Aug. 1967, pp. 970-972. 

4. Fawcett, B .  C . ;  and Peacock, N .  J . :  Highly Ionized Spec t ra  o f  t h e  
Trans i t i on  Elements. Proc. Phys. SOC.,  v o l .  91, p t .  4, no. 574 
Aug. 1967, pp. 973-975. 

5 .  Burgess, D .  D . ;  Fawcett, B.  C . ;  and Peacock, N .  J . :  Vacuum Ul t ra -Vio le t  
Emission Spec t ra  from Laser-Produced Plasmas. Proc.  Phys. SOC.,  
v o l .  92, p t .  3 ,  no. 577, Nov. 1967, pp. 805-816. 

6.  Madden, R .  P . ;  and Codling, K . :  New Autoionizing Atomic Energy Levels 
i n  He, Ne, and A r .  Phys. Rev. L e t . ,  v o l .  1 0 ,  no. 1 2 ,  15 June 1963, 
pp. 516-518. 

7 .  Esteva,  J .  M . ;  and Romand, J . :  Comparaison e n t r e  les s p e c t r e s  6mis dans 
l ' u l t r a v i o l e t  l o i n t a i n  p a r  l e s  plasmas p r o d u i t s  p a r  f o c a l i s a t i o n  d'un 
f a i s c e a u  l a s e r  s u r  une c i b l e  s o l i d e  e t  p a r  l e s  B t i n c e l l e s  sous v ide .  
Compt. Rend. Acad. Sc. Paris,  v o l .  264, no.  2 ,  J a n .  9 ,  1967, pp. S6 r i e  
B 142-145. 

8 .  Valero,  F .  P .  J . ;  Goorvitch,  D . ;  Fraenkel ,  B .  S . ;  and Ragent, B . :  S h i f t s  
and Self-Reversed Lines i n  t h e  vuv Spec t ra  of  Highly Ionized Atoms i n  
Laser-Generated Plasmas. J .  Opt. SOC. Am., vol .  59, no. 10, Oct. 1969, 
pp. 1380- 1381. 

8 

I 



9 .  Alexander, E . ;  Feldman, U . ;  Fraenkel ,  B. S . ;  and Hoory, S . :  Ion D i s t r i -  
bu t ion  i n  t h e  P i a s m a  of a Vacuum Spark. B r i t .  J .  Appl. Phys. ,  vo l .  17, 
no. 2 ,  Feb. 1966, pp. 265-266. 

10. Dawson, J .  M . :  On t h e  Production of P l a s m a  by Giant Pulse  Lasers.  Phys. 
F lu ids ,  vo l .  7, no.  7 ,  J u l y  1964, pp. 981-987. 

11. Dawson, J . ;  K a w ,  P . ;  and Green, B . :  Opt ica l  Absorption and Expansion of 
Laser-Produced Plasmas. Phys. F lu ids ,  v o l .  1 2 ,  no. 4, Apr i l  1969, 
pp. 875-882. 

1 2 .  S p i t z e r ,  L . ,  Jr.:  Physics  of Ful ly  Ionized Gases. In t e r sc i ence  Pub., 
I n c . ,  N .  Y . ,  1956. 

9 





i 

f 

/ 
/ 
I 
I 

\ 
\ 
\ 
\ 

Figure 1 .  - Sketch of optical arrangement, grazing incidence spectrograph. LL, laser; L, focusing 
lens; T, target; S, , entrance slit; S2,  crossed slit; G, concave grating; P, photographic plate. 

1 Figure 2. - Sketch of optical arrangement, normal incidence spectrograph. LL, laser; L, focusing 
lens; S, entrance slit; G, grating; P, plate; T, target. 
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Figure 3. -  Typical laser pulse shape, Q-switched mode, 10 ns/div. 

Figure 4.- Typical laser pulse shape, normal mode, 50 psldiv. 
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Figure 5.- Principal series of Be I11 in the 100 A region. Negative. 
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Figure 6.- Normal incidence spectra of Th, 3000 a region. (a) Q-switched mode with an exposure 
of 6 pulses. (b) Normal mode with an exposure of 12 pulses. Negative. I 

i 

13  

I 



I11.11111.11.1--,1.... I ..I..,,. I ,  I, I ..--- I 1  

I I 
A I  X l26 .05 i  AI  SZEL250.14~ 

I I I I I  I I I I 11111 I I II 

. .  
, .  . .  . -  i '  1 

b 

c 

I I A! PII239.03A 
I 

A I  XlI240.77; 

Figure 7.- Grazing incidence spectrum of A l ,  Q-switched mode, 240 A region, crossed slit inserted 
between entrance slit and grating. Total exposure of 30 pulses. Positive. 
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Figure 8. -Grazing incidence spectrum of pure Fe, Q-switched mode, 170 A region. Total exposure 
of 6 pulses. Positive. 
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Figure 9.- Grazing incidence spectrum of A1 alloy containing 1 percent Fe, Q-switched mode, 
170 A region. Total exposure of 6 pulses. Positive. 
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Figure 10.- Grazing incidence spectrum of AI film deposited on glass sheet, Qswitched mode, 
240 A region. Film thicknesses: (a) solid target; (b) 3000 A; (c) 1000 A; (d) 500 A; 
(e) 200 a. Total exposure of each track is 6 pulses. Negative. 
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Figure 1 I .- Grazing incidence spectra of (a) U2 ', and (b) W, Q-switched mode, 330 A region, a 
total exposure of 15 pulses for each spectrum. Negative. 

- 4000 i 
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Figure 12.- Normal incidence spectra of Th, Q-switched mode, zero order to  4000 A region. The 
total exposure for each track is 10 pulses. Negative. 
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Figure 13.- Grazing incidence absorption spectra of He in 200 A region showing autoionization 
series in He. Continuum source is radiation emitted by W target irradiated by focused 
Q-switched laser pulse. The total exposure is 20 pulses. Positive. 

Figure 14.- Microdensitometer tracing of grazing incidence aluminum spectrum, 250 a region. 
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